Transient and quasi-permanent networks in xyloglucan solutions  by de Freitas, Rilton Alves et al.
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Viscoelastic  properties  of  aqueous  solutions  of  xyloglucan  extracted  from  Hymenaea  courbaril  seeds
(Jatobá  gum)  were  investigated  by  rheology  over  a wide  range  of  concentrations  and  temperatures.
The  polymer  was  characterized  in  dilute  solutions  by  light  scattering  measurements  and  size  exclu-
sion  chromatography.  Xyloglucan  formed,  in  semi-dilute  solutions  (C 0.3  wt%),  a transient  network
with  cross-links  characterized  by  a broad  distribution  of  lifetimes,  independent  of the  temperature  andeywords:
yloglucan
el
iscosity
ransient network
concentration.  Progressively,  at higher  temperatures  (>60 ◦C), a second  much  weaker  quasi-permanent
network  was  formed  and  attributed  to the  exchange  of  intra-  to  inter-chain  bonds.  The  stiffness  of  the
second  network  increased  with  decreasing  temperature,  but it could  be easily  broken  by  applying  a
relatively  weak  shear  stress  and  is  readily  reversible  on re-heating,  and  partially  reversible  on resting
at 20 ◦C.
© 2015  Elsevier  Ltd.  All  rights  reserved.. Introduction
Xyloglucan is a polysaccharide that has a structural function in
he cell wall of plants and works as a reserve of carbohydrate in
eeds of some species of dicotiledoneae. The xyloglucan found in
eeds has principally the monosaccharides d-glucose, d-xylose and
-galactose, usually at molar proportions of 4:3:1, respectively. The
ackbone of xyloglucan is composed by units of d-glucopyranose
G), linked -(1 → 4), with substitutions at glucose O-6 by -d-
ylopyranose (X), and some xyloses can be also substituted at O-2
y -d-galactopyanose (L) (Hayashi, 1989; Reid, 1985).
Tamarind xyloglucan (also denominated Tamarind gum) iso-
ated from Tamarindus indica L. seeds is used as a thickening agent
n food and pharmaceutical industries. Xyloglucan can also be iso-
ated from seeds of Hymenaea courbaril as an alternative source and
s called Jatobá gum. The structure of xyloglucan chains from these
wo different sources is close, except that Tamarind gum only con-
ains sequences with two or three consecutive X units, whereas
atobá gum also contains sequences with four consecutive X units
Fig. 1) (Buckeridge et al., 1997; Freitas et al., 2005).
∗ Corresponding author at: BioPol, Chemistry Department, Federal Uni-
ersity of Paraná, 81531-980 Curitiba, PR, Brazil. Tel.: +55 41 3361 3260;
ax: +55 41 3361 3186.
E-mail addresses: rilton@ufpr.br, rilton@quimica.ufpr.br, rilton@pq.cnpq.br
R.A. de Freitas).
ttp://dx.doi.org/10.1016/j.carbpol.2015.04.066
144-8617/© 2015 Elsevier Ltd. All rights reserved.Because of the use of xyloglucan as a thickening agent sev-
eral authors have studied the viscoelastic properties of xyloglucan
aqueous solutions as a function of the concentration (Khounvilay &
Sittikijyothin, 2012; Martin, Freitas, Obayashi, & Sierakowski, 2003;
Wang, Ellis, Ross-Murphy, & Burchard, 1997). The viscosity of semi-
dilute solutions, i.e. above the overlap concentration of xyloglucan,
was found to increase strongly with increasing concentration and
shear thinning was observed for the more viscous solutions. The
frequency dependence of the shear moduli was typical for vis-
coelastic polymer solutions, with a solid-like behavior at high
oscillation frequencies and liquid-like behavior at low frequen-
cies. Wang et al. (1997) suggested that the rheology of semi-dilute
xyloglucan solutions was  caused by entanglement of the polymeric
chains.
Sims et al. (1998) compared the viscosity of xyloglucan origi-
nating from different species of plants, including Nicotiana, Apple
pomace and Tamarind. They reported that the viscosity at a given
polymer concentration strongly depended on the origin of the
xyloglucan, due to differences in the molar mass. They noted that
the viscosity decreased with increasing temperature, but did not
depend signiﬁcantly on the pH.
Though the viscosity of aqueous xyloglucan solutions has been
investigated in some detail, the concentration and temperature
dependence of the frequency dependent shear moduli has not yet
been studied systematically. Therefore it has not been possible to
fully understand the dynamic mechanical properties of xyloglucan
solutions.
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pig. 1. Schematic representation of two oligosaccharide segments in the xylogluca
-d-xylopyranose (X), and at O-2 by -d-galactopyanose (L). For the oligosaccharid
The aim of the investigation presented here was to characterize
nd elucidate the rheology of xyloglucan in aqueous solution. We
tudied solutions of xyloglucan from H. courbaril seeds, over a wide
ange of temperatures (10–90 ◦C) and concentrations (0.1–5 wt%)
sing continuous and oscillatory shear rheology. The structure
f the polymers in dilute solution was characterized by light-
cattering and size exclusion chromatography. The viscoelastic
ehavior of the xyloglucan solutions will be discussed in compari-
on with similar behavior reported for guar gum (Wientjes, Duits,
ongschaap, & Mellema, 2000) and hydroxylpropyl methyl cellulose
HPMC) (Shahin, Nicolai, Benyahia, Tassin, & Chassenieux, 2013).
. Materials and methods
.1. Material
Seeds of H. courbaril were obtained from Project “matas nativas”,
tatinga, São Paulo, Brazil. The xyloglucan was obtained by aqueous
xtraction at 25 ◦C of pooled and milled seeds. Each viscous extract
as centrifuged at 10,000 × g for 20 min  at 20 ◦C, and the super-
atant was collected. The xyloglucan gum was  obtained after its
recipitation with two volumes of 96% ethanol, washed with 96%
thanol and with one volume of acetone (Freitas et al., 2005)
The carbohydrate content was determined according Freitas
t al. (2005), as 90% of total carbohydrates, 2% of proteins and 8%
oisture.
.2. Characterization
After extraction and chemical characterization, the xyloglucan
ligosaccharide composition was determined using the enzyme
ellulase (endo-1,4--d-glucanase/EGII), from Trichoderma lon-
ibrachiatum, that was purchased from Megazyme (Bray Co.,
icklow, Ireland) and was used without further puriﬁcation.
Quantiﬁcation of oligosaccharides obtained after enzymatic
igestion was done by high-performance anion-exchange chro-
atography coupled with pulsed amperometric detection (HPAEC)
nalysis using a Thermo Scientiﬁc ICS-5000 system with a Car-
opack PA-100 column (Thermo Scientiﬁc Dionex, Sunnyvale, CA,
SA), ED gold electrode and an amperometric pulse detector (PAD).
he eluent used was NaOH 88 mmol  L−1 with a gradient of NaOAc
 mol  L−1 from 7 to 15% (v/v), ﬂow rate of 0.9 mL  min−1 at 30 ◦C. The
ata were treated with the Chromeleon 7 program (Thermo Scien-
iﬁc Dionex, Sunnyvale, CA, USA), used to identify and quantify the
ligosaccharides composition.
The macromolecular characterization of xyloglucan was  also
erformed. Weight average molar mass (Mw) and dispersityin, the backbone is a -(1 → 4) d-glucopyranose (G), with substitutions at O-6 by
enclature used see Fry (1989).
(Ð = Mw/Mn) were determined by size exclusion chromatography
(SEC) at room temperature with a Tosho G6000PW column. The
light scattering detector was  a Dawn EOTTM (Wyatt technology,
Santa Barbara, CA, USA) and the refractive index was  measured
using a Shodex RI 71 (Showa Denko K.K., Tokyo, Japan). A volume of
100 L of the 0.05 wt%  xyloglucan solutions was  injected using an
automatic injection system (Autoinjector 234, Gilson, Middleton,
WI,  USA). The system was eluted with 0.1 mol  L−1 NaNO3 at pH 7,
with a ﬂow rate of 1 mL  min−1. The data were analyzed using the
Software ASTRA 6.1.1.
Light scattering (LS) measurements were done at 20 ◦C over
a range of scattering wave vectors (6.39 × 106 − 2.55 × 107 m−1)
using an ALV-CGS3 equipment (ALV-GmbdH Langen, Germany).
From these experiments Mw, the z-average radius of gyration (Rg)
and the second virial coefﬁcient (A2) were determined follow-
ing standard methods. Brieﬂy, samples were prepared at different
concentrations (0.01, 0.0275, 0.05, 0.10 and 1.00 wt%) and ﬁltered
through 0.2 m pore-size Anotop® ﬁlters. From the excess scatter-
ing intensity normalized by that of a toluene standard (Ir), Mw, Rg
and A2 were determined using the following expression (Brown,
1993; Nicolai, 2007):
KC
Ir
= 1
Mw
+ (Rg)
z
3Mw
q2 + 2A2C
where K is an optical constant appropriate for vertically polarized
incident light:
K = 4
2n2
4Na
(
∂n
∂C
)2(
ns
n
)2 1
Rs
with n is the refractive index of the solvent and ns and Rs the refrac-
tive index and Rayleigh scattering of the toluene, respectively. Na is
Avogadro’s number, and  is the wavelength of the laser (632.8 nm).
The refractive index increment of xyloglucan is ∂n/∂C = 0.113 mL g-1
(Freitas, Martin, Paula, Feitosa, & Sierakowski, 2004).
3. Rheology
The xyloglucan powder was  dissolved at 20 ◦C in ultrapure water
(Millipore system, Millipore) to which 200 ppm of NaN3 was added
as a bacteriostatic agent. The xyloglucan solutions from 0.1 wt% to
5 wt% were kept at 20 ◦C for at least 48 h, in the solvent prior to
analysis, and the pH of solutions was  6.8 in all experiments. All the
concentrations are expressed in weight %.
Oscillatory and continuous shear experiments were done using
a rheometer AR 2000 Advanced Rheometer, TA instruments (New
Castle, DE, USA). In both cases a cone and plate geometry was used
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to 60 ◦C. When xyloglucan solutions were heated above 60 ◦C the
shear moduli decreased less strongly at low frequencies. The origin
of this phenomenon will be discussed hereafter.18 R.A. de Freitas et al. / Carbohyd
40 mm diameter, 2◦ cone). For oscillatory shear measurements,
he imposed stress was chosen to be within the linear response
egime unless otherwise speciﬁed. A plate-plate geometry was also
sed with various gaps in order to test if there was an effect of the
eometry on the measurements, but no signiﬁcant inﬂuence was
bserved.
The experiments as a function of the temperature were done
y heating the samples from 10 ◦C to 90 ◦C in steps of 10 ◦C, and
ubsequently cooling to 20 ◦C. The measurements were done after
 h at each temperature. To avoid samples evaporation, they were
overed with a layer of mineral oil.
In order to obtained the steady state shear viscosity at low shear
ates the strain was measured as function of time after imposing
ifferent values of the shear stresses between 0.1 and 50 Pa until
teady shear ﬂow was observed.
. Results
The oligosaccharide composition of the xyloglucan gum used
or this study was characterized as described in the materials and
ethods section, see Table 1. It contained a new sequence with four
onsecutive X units that was not present in xyloglucan from other
lants like Tamarind. The composition was similar, but not iden-
ical, to results previously reported for xyloglucan isolated from
. courbaril seeds. Some variation in the oligosaccharide composi-
ion has been observed, depending of the collecting place of the H.
ourbaril seeds (Freitas et al., 2005).
Size exclusion chromatography and light scattering measure-
ents were done to characterize the xyloglucan in aqueous
olution. A chromatogram is shown in Fig. S1 of the supplementary
nformation. The q-dependence of KC/Ir at different concentrations
nd the concentration dependence of KC/Ir at q → 0 are shown in Fig.
2. The values of Mw, Rg and A2 derived from these measurements
re given in Table 1. A positive value of A2 was found indicating that
ater is a good solvent for xyloglucan. We  may  estimate the over-ap concentration (C*) of the xyloglucan chains as: C* = 3 Mw/(Na
Rg3), with Na Avogadro’s number. Using the values of Mw and Rg
rom light scattering we ﬁnd C* = 0.3 wt%.
able 1
ligosaccharide composition and macromolecular characteristics of the xyloglucan
sed  for this study.
SECa LSb
Mw/106 (g moL−1) 3.0 ± 0.4 2.9 ± 0.04
Ðc 1.3 –
Rg (nm)d – 75.5
C* (wt%)e 0.3
A2 (cm3 mol/g2)f 2.0 × 10−4
Oligosaccharidesg Mean ± SD (%)h
XXG 1.5 ± 0.1
XXXG 2.9 ± 0.2
XLXG –
XXLG 36.3 ± 3.3
XLLG + XXXXG 17.4 ± 1.0
XXXLG 18.0 ± 1.0
XLXXG 16.9 ± 0.9
XXLXG 10.4 ± 0.5
a SEC, size exclusion chromatography at concentration of 0.05 wt%.
b LS, light scattering: Using the Zimm formalism and concentrations from 0.01 to
.11  wt%.
c Ð, is the dispersity (Mw/Mn).
d Rg, is the root-mean square radius of gyration.
e C* is the overlap concentration obtained from C* = 3 Mw/(Na 4Rg3).
f A2, second virial coefﬁcient.
g The standard oligosaccharide nomenclature (Fry, 1989)
h The mean and standard deviation of three independent analyses.olymers 129 (2015) 216–223
5. Strong transient network
The viscosity as a function of the shear rate ( ˙) was determined
for xyloglucan solutions at 20 ◦C, for concentrations ranging from
0.1 wt% to 5 wt%, see Fig. 2a. At 0.1 and 0.2 wt%  the ﬂow was Newto-
nian up to ˙ = 103 s-1, but at higher concentrations, a shear thinning
behavior was measured. Shear thinning started at lower shear rate
with increasing polymer concentration.
The speciﬁc viscosity (sp = 0/s) was  calculated using the
limiting value at low shear rates (0) and the solvent viscosity (s)
and is plotted as a function of the concentration in Fig. 2b. The
speciﬁc viscosity increased steeply with increasing concentration
for C > C* (0.3 wt%) where it can be well described by a power law:
sp ∝ C4.2±0.1.
The frequency dependence of the storage (G′) and loss (G′′) shear
moduli at different temperatures up to 60 ◦C are shown in Fig. 3a
for a xyloglucan solution at C = 2 wt%. Similar results were obtained
at other concentrations between 1 wt% and 5 wt%. Master curves
could be obtained at all concentrations by frequency-temperature
superposition using horizontal shift factors only, see Fig. 3b. Good
superposition was  found at high frequencies and temperatures upFig. 2. (a) Flow curves of xyloglucan solutions at 20 ◦C and at different concentra-
tions indicated in the ﬁgure. (b) Speciﬁc viscosity (sp) as a function of concentration
for  xyloglucan solutions, at 20 ◦C. The solid line represents a linear least squares ﬁt
to  the results for C > 0.3 wt%.
R.A. de Freitas et al. / Carbohydrate P
Fig. 3. (a) Frequency dependence of the storage (ﬁlled symbols) and loss (open sym-
bols) moduli of a xyloglucan solution at C = 2 wt%  at 20, 40 and 60 ◦C. (b) Master
curves obtained by frequency-temperature superposition (10–60 ◦C) of xyloglu-
can  solutions at different concentrations. Storage (ﬁlled symbols) and loss (open
symbols) moduli. The reference temperature is 20 ◦C. (c) Arrhenius representa-
tion of the temperature dependence of the relaxation time of xyloglucan solutions
at  different concentrations. The solid lines represent linear least squares ﬁts to
the  data.olymers 129 (2015) 216–223 219
The frequency dependence of G′ and G′′ is typical for viscoelastic
polymer solutions with a predominantly elastic behavior at high
frequencies and viscous behavior at low frequencies. We  deﬁne a
characteristic relaxation time (), as the inverse of the frequency
at which G′ and G′′ cross ( = ω−1c ). An Arrhenius representation
of the temperature dependence of , see Fig. 3c, shows that the
relaxation is an activated process ( ∝ exp(Ea/RT) with an apparent
activation energy Ea = 37 ± 4 kJ mol−1 that does not depend on the
concentration.
For entangled polymer solutions the temperature dependence
of the relaxation time is proportional to the solvent viscosity. Here
we ﬁnd that the temperature dependence of the relaxation time
is much stronger. The stronger temperature dependence can be
explained by the formation of cross-links with a ﬁnite lifetime that
slow down Brownian diffusion of the chains. We therefore suggest
that xyloglucan forms a transient network, i.e. a network with tran-
sient cross-links (Tanaka & Edwards, 1992). The cross-links were
formed by speciﬁc interactions between the chains. The observa-
tion that no vertical shifts were needed to obtain the master curves
implies that the cross-link density did not depend signiﬁcantly on
temperature.Master curves obtained at different concentrations could be
superimposed using both horizontal and vertical shift factors, see
Fig. 4a. Fig. 4b shows that both, the relaxation time () and the high
Fig. 4. (a) Master curves of the frequency dependence of storage (ﬁlled sym-
bols) and loss (open symbols) moduli for xyloglucan solutions obtained by
frequency–concentration superposition of individual masters curves at eight differ-
ent  concentrations ranging between 1 wt% and 5 wt%. The reference concentration
is  2 wt%. (b) Concentration dependence of Gel (Pa) and  (s) for xyloglucan solutions
at  20 ◦C.
2 rate Polymers 129 (2015) 216–223
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Fig. 5. Frequency dependence of storage (ﬁlled symbols) and loss (open symbols)
In an attempt to establish whether the weak network was a solid
with a yield stress or a viscous liquid with a ﬁnite zero-shear vis-
cosity, the deformation under shear was measured as a function20 R.A. de Freitas et al. / Carbohyd
requency elastic modulus (Gel) increased with increasing concen-
ration.
The values of  and Gel at lower concentrations, for which the
rossover of G′ and G′′ was outside the frequency experimental
indow were deduced from the shift factors. Here we  arbitrarily
eﬁne Gel as G′ at 100.ωc. The concentration dependences of 
nd Gel between 1 wt% and 5 wt% can be described by power laws:
 ∝ C2.8±0.1, Gel ∝ C1.7±0.1, see Fig. 4b. The exponents are incompati-
le with that of semi-dilute entangled polymer solutions for which
 ∝ C1.6, Gel ∝ C2.2 (Rubinstein & Colby, 2003) and corroborate the
dea that a transient network is formed by speciﬁc interactions
etween the chains. Since  ∝ Ge., it follows that the power law
xponent describing the concentration dependence of the viscosity
4.2) should be equal to the sum of the exponents for the concentra-
ion dependencies of  and Gel (4.5), which is the case here within
he experimental uncertainty.
If we consider that the high frequency elastic modulus is due to
ubber elasticity of the transient network then Gel ≈ vRT (Rubinstein
 Colby, 2003) with R the gas constant, T the absolute tempera-
ure and v the molar concentration of elastically active chains. We
nd that the average molar mass between cross-links (Me = CRT/Ge)
ecreased from 3.5 × 105 g/mol at 1 wt% to 1.0 × 105 g/mol at
 wt%. Comparison with the weight average molar mass of the
yloglucan chains shows that the average number of transient
ross-links per chain increased from 6 to 21 between C = 1 wt%
nd C = 5 wt%.
We have compared the dynamic complex viscosity (*) deduced
rom oscillatory shear as a function of the frequency with the
iscosity measured as a function of the shear rate, see Fig. S3
f the supplementary information. The results superimposed for
 < 1 wt%, but at higher concentrations  decreased more strongly
ith increasing shear rate than * with increasing frequency, as
as already shown by Khounvilay and Sittikijyothin (2012). The
mplication is that the structure, and therefore the relaxation pro-
ess of the xyloglucan solution, was modiﬁed above a critical ﬂow
ate that decreased with increasing concentration from 20 s−1 at
 ≤ 2 wt% to 0.3 s−1 at C ≥ 2.5 wt%.
. Weak quasi-permanent network
We  mentioned before that when xyloglucan solutions were
eated above 60 ◦C the shear moduli decreased less strongly with
ecreasing frequency that for unheated solutions. This effect was
uch more pronounced when the heated solutions were cooled
ack to 20 ◦C. The frequency dependence of G′ and G′′ at differ-
nt temperatures, measured after cooling to 20 ◦C, is shown in
ig. 5 for a xyloglucan solution at C = 2 wt%. Similar results were
btained at other concentrations between 1 wt% and 5 wt% (results
ot shown). When xyloglucan solutions were heated up to 50 ◦C,
nd cooled to 20 ◦C before measuring, no signiﬁcant difference was
bserved compared to unheated sample. However, for solutions
hat were heated at 90 ◦C the values of G′ and G′′ at 20 ◦C decreased
n a less extend with decreasing frequency at low frequencies
see Fig. 5).
We  suggest that this behavior was caused by the formation of
 weak quasi-permanent network during heating. The expression
quasi-permanent” is used here to indicate that the cross-links
ither have a very long life time or are permanent. The stiffness
f this network increased with decreasing temperature, which
xplains why G′ at low frequencies was larger at lower temper-
tures. The stiffness of the weak network also increased with
ncreasing polymer concentration, but it was in all cases more than
wo orders of magnitude lower than that of the transient network.
his implication is that only a small fraction of the xyloglucan
hains was involved in the formation of the weak quasi-permanentmoduli of xyloglucan solutions at 2 wt%, measured at 20 ◦C after being heated at the
different temperatures indicated in the legend.
network. The frequency dependence of the moduli before and after
heating were the same at high frequencies where we  measure the
response of the strong transient network. This means that the for-
mation of the weak quasi-permanent network did not have much
impact on the strength or the relaxation of the strong transient
network.
Repetitions with different heating times showed that the weak
network was formed within a few minutes and that the moduli
remained constant at longer heating times. However, the stiffness
of the weak quasi-permanent network decreased with decreasing
heating temperature. It was barely perceptible at 60 ◦C and could
not be detected at lower temperatures.
The dynamic viscosity at 20 ◦C was determined as a function of
increasing shear rate for a solution of xyloglucan at 2 wt% before
and after heating to 90 ◦C, see Fig. 6. For the unheated solution the
viscosity was constant at low frequencies. However, for the heated
solution the dynamic viscosity was  much higher at low shear rates,
which corroborates the observation that the shear moduli at low
frequencies were higher for the heated solutions. The cross-links
that were formed by heating were broken by the ﬂow. The fraction
of surviving cross-links decreased with increasing ﬂow rate leading
to a decrease of the dynamic viscosity until for ˙ > 1 it was  the
same as for the unheated solution.Fig. 6. Viscosity as a function of shear rate at 20 ◦C for a xyloglucan solution at 2 wt%
before (closed symbols) and after heating (open symbols) at 90 ◦C. The values at low
shear rates for the heated solution were obtained from creep measurements (open
triangles).
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f time at different shear stresses (	), see Fig. S4 of the supple-
entary information. For 	 > 1 Pa, regular shear ﬂow was  observed
apidly but at lower shear rates initially creep was  observed and
egular shear ﬂow was recovered only after a time that increased
ith decreasing shear stress. For 	 < 0.2 Pa regular shear ﬂow could
o longer be detected within 15 h after the start of the experiment.
herefore we cannot tell whether the weak network was a perma-
ent network with very low yield stress or a transient network with
 very long terminal relaxation time. For this reason we  used the
xpression quasi-permanent for denominating this network.
The effect of increasing the applied shear stress on the frequency
ependent shear modulus is shown in Fig. 7a for a xyloglucan solu-
ion at C = 2 wt% that was  heated to 90 ◦C and subsequently cooled
o 20 ◦C. The effect of the quasi-permanent network on the mod-
lus at low frequencies disappeared when high stress was applied
howing that the crosslinks of the quasi-permanent network had
een broken.
The quasi-permanent network recovered only partially after
reakage at 20 ◦C, which is illustrated in the insert of the Fig. 7a,
here the evolution with time of G′ at ω = 0.0628 rad s−1 and at
 = 0.01 Pa is shown after the solution had been sheared at 	 = 10 Pa.
t 20 ◦C recovery was still far from complete after 2 h. However,
he original value of G′ could be completely recovered quickly by
e-heating the sample to 90 ◦C, see Fig. 7b. These experiments show
hat crosslinks of the quasi-permanent network can be easily bro-
en by shear stress. They reform only slowly and partially at 20 ◦C,
ut rapidly at 90 ◦C.
ig. 7. (a) Frequency dependence of G′ at 20 ◦C obtained at different shear stresses
or a xyloglucan solution at C = 2.0 wt%  after heating to 90 ◦C. The insert shows the
volution with time of G′ at ω = 0.0628 rad s−1, 	 = 0.01 Pa after shearing the solution
t 	 = 10 Pa. (b) Frequency dependence of G′ at 20 ◦C for a heated xyloglucan solution
t  C = 2.0 wt% at 	 = 0.01 Pa (squares) and at 	 = 10 Pa (triangles). These results are
ompared with those obtained after the solution that was  sheared at 	 = 10 Pa was
eheated to 90 ◦C and then cooled to 20 ◦C (circles).olymers 129 (2015) 216–223 221
The effect of heating on the structure of the polymers was  eval-
uated by light scattering after cooling the solutions to 20 ◦C and
dilution. Heating up to 70 ◦C did not have a signiﬁcant effect on
the scattering intensity. However, when solutions at C = 2 wt%  were
heated at 90 ◦C, we  observed a strong increase of the scattering
intensity measured at 20 ◦C indicating that large aggregates had
been formed, see Fig. S2c of the supplementary information. The
aggregates could be removed or broken-up by ﬁltration through
0.22 m pore size ﬁlter. The scattering intensity of the ﬁltered solu-
tions was  the same as for the unheated solution, which means the
weight fraction of the aggregated xyloglucan that was  retained by
the ﬁltration was  negligible.
The presence of aggregates in dilute xyloglucan solutions has
already been reported in the literature (Freitas et al., 2005;
Picout, Ross-Murphy, Errington, & Harding, 2003). The latter also
reported increased scattering from large aggregates after heating
and showed that they could be removed by ﬁltration. Based on the
dynamic mechanical properties discussed above, we  speculate that
these large aggregates were formed by the same bonds that led to
the quasi-permanent weak network.
7. Discussion
Wang et al. (1997) suggested that relaxation of the imposed
stress in xyloglucan solutions is due to reptation of non-interacting
entangled polymer chains. For such a process the relaxation time is
expected to be simply proportional to the solvent viscosity. How-
ever, the present investigation showed that the relaxation time
was much more strongly dependent of the temperature, which
indicates that there are speciﬁc attractive interactions, perhaps
hydrogen bonds, between the sections of different xyloglucan
chains in aqueous solution. The dynamic mechanical measure-
ments of the unheated solutions can be well understood if it is
assumed that a network is formed by the xyloglucan chains with
cross-links that have a ﬁnite lifetime. According to Hayashi (1989),
association between xyloglucan chains is not possible due to the
large number of side chains. However, the xyloglucan also presents
bare galactose moieties that can interact. Speciﬁc interactions were
clearly observed after enzymatic modiﬁcation of xyloglucan with
-galactosidase leading to an increased amount of free galactose
moieties (Brun-Graeppi et al., 2010; Busato, Reicher, Domingues,
& Silveira, 2009; Nisbet et al., 2006; Shirakawa, Yamatoya, &
Nishinari, 1998). In these cases the interaction leads to formation
of strong permanent gels after heating.
Observations similar to those reported here for xyloglucan
were reported in the literature for aqueous solutions of guar
gum (Wientjes et al., 2000) and HPMC (Shahin et al., 2013). For
both systems the polysaccharide chains formed a relatively weak
quasi-permanent network within a strong transient network. The
frequency dependent shear moduli at higher frequencies corre-
sponded to the response of the transient network, while the weak
network manifested itself by a weak frequency dependence of G′ at
low frequencies. Also for these polysaccharides, the shear moduli
obtained at different temperatures and concentrations could be
superimposed at higher frequencies and the master curves were
characteristic for a viscoelastic liquids with a broad distribution of
relaxation times.
The properties of the strong transient network are remark-
ably similar for these three different polysaccharides. For all of
them, the temperature dependence of the relaxation time was
stronger than that of the solvent viscosity. The power law con-
centration dependence of  was stronger than for non-interacting
entangled polymers and characterized by power law exponents
that were close: 2.5, 2.8 and 2.8 for HPMC, guar and xyloglucan,
respectively. The power law concentration dependence of Gel was
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or all systems weaker than for non-interacting entangled poly-
ers and characterized by the exponents 1, 1.8 and 1.7 for HPMC,
uar and xyloglucan, respectively. The close correspondence of the
oncentration dependence of guar and xyloglucan is particularly
triking.
Shahin et al. (2013) suggested that the relaxation of the HPMC
ransient network could be interpreted in terms of relaxation by
eptation of entangled chains that form transient binary cross-
inks with a broad distribution of relaxation times (Rubinstein
 Colby, 2003). However, Wientjes et al. (2000) concluded that
heir results for guar were not quantitatively compatible with this
odel.
The origin of the weak quasi-permanent network was inter-
reted differently for HPMC and guar. Shahin et al. (2013) suggested
hat it was caused by the formation of long rigid ﬁbrils by a frac-
ion of the HPMC chains that cross-linked to form the network. The
raction of chains that formed the ﬁbrils was very small at room
emperature, but increased with increasing temperature causing
n increase of the elastic modulus of the quasi-permanent network.
e will not consider here the behavior of HPMC above the critical
emperature where it micro-phase separates.
Wientjes et al. (2000) proposed that two types of bonds were
ormed between the guar chains. The ﬁrst type was  relatively short
ived and responsible for the formation of the transient network.
he second type of cross-link was long lived and formed the weak
uasi-permanent network. The observed increase of the elastic
odulus of this network with increasing temperature suggests that
he density of cross-links increased. However, if one considers the
ery small absolute values of the moduli, it follows that only a small
raction of the chains was involved in the network as was  also the
ase for xyloglucan.
From this brief discussion of the results on HPMC and guar it
s clear that the behavior of these polysaccharides is very similar
o those obtained for xyloglucan reported here. The main differ-
nces are that xyloglucan formed the weak network only after
eating and that its elastic modulus decreased with increasing tem-
erature. We  can only speculate about the physical origin of the
wo types of bonds leading to the two types of networks. Based
n the temperature dependence Wientjes et al. (2000) suggested
hat the permanent bonds were caused by hydrophobic interac-
ions. The opposite temperature dependence found for xyloglucan
uggests that hydrogen bonds are involved. Interestingly, strong
ermanent hydrogels are formed both by guar (Wientjes et al.,
000) and xyloglucan (Brun-Graeppi et al., 2010; Busato et al.,
009; Nisbet et al., 2006; Shirakawa et al., 1998) when a signiﬁcant
raction of galactose side chains has been removed enzymatically,
hich allows for stronger interaction between the backbones. In
he case of modiﬁed guar, the gels formed when the systems were
ooled, while for modiﬁed xyloglucan they formed upon heating.
he opposite temperature dependence reﬂects the dependence
f the stiffness of the weak network for unmodiﬁed guar and
yloglucan. This observation hints at the possibility that the behav-
or of unmodiﬁed guar and xyloglucan is caused by interaction
etween rare parts of the backbone that are devoid of galactose side
hains. We  speculate that unmodiﬁed xyloglucan formed the weak
etwork only after heating, because weakening of the bonds by
eating allowed exchange of the bonds between overlapping chains
eading to the formation of a sparsely cross-linked percolating
etwork.
It appears that the formation of two types of bonds in semi-
ilute polysaccharide solutions leading to the formation of a
ransient and a quasi-permanent network, is a feature shared by
ifferent polysaccharides. However, the detailed characteristics
re different, indicating that the mechanism of the transient and
uasi-permanent network formation is speciﬁc for each type of
olysaccharide.olymers 129 (2015) 216–223
8. Conclusion
In aqueous solution bonds with ﬁnite lifetime are formed
between xyloglucan chains, which leads to formation of a transient
network in semi-dilute solutions. The high frequency elastic mod-
ulus of this transient network is independent of the temperature,
but the terminal relaxation time is characterized by an apparent
activation energy of 37 kJ mol−1. Both the elastic modulus and the
relaxation time increase with increasing concentration following
power laws. The viscoelastic relaxation is characterized by a broad
distribution of relaxation times independent of the temperature
and the concentration, that is probably caused by a distribution of
bond strengths.
At temperatures above 60 ◦C, a weak quasi-permanent net-
work is formed by a small fraction of xyloglucan chains. The
elastic modulus that is formed during heating increases with
decreasing temperature during cooling after heat treatment. The
weak bonds are easily broken by shear ﬂow and recover only
partially at room temperature. The visco-elastic behavior of semi-
dilute xyloglucan solutions reﬂecting the presence of a transient
and a quasi-permanent network is similar to that of other polysac-
charides, in particular guar.
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